Chronic inhalation bioassays in rodents are used to assess pulmonary carcinogenicity for purposes of hazard identification and potentially for risk characterization. Numerous studies have been confirmed that exposure to titanium dioxide nanoparticles (TiO 2 NPs) may result in chronic pulmonary inflammation in both mice and rats. However, very few studies have focused on the pulmonary tumorigenesis. In this study, to examine whether chronic TiO 2 NP exposure induce tumorigenesis in the lung, forty mice (each group) were nasally exposed to 1.25, 2.5, and 5 mg/kg body weight TiO 2 NPs for nine consecutive months, lung pathology was then evaluated, and the biochemical function parameters in bronchoalveolar lavage (BAL) and tumor markers in the serum were investigated using an ELISA method. We observed that nasal exposure to TiO 2 NPs caused infiltration of inflammatory cells, tumorigenesis in the lung, and accompanied by significant increases of lactate dehydrogenase, alkaline phosphatase, and total protein levels in BLAF, significant increases in tumor markers including cytokeratin 19, neuron-specific enolase, carcinoembryonic antigen, squamous cell carcinoma antigen, and cancer antigen-125 in the serum. It implies that chronic inhaled TiO 2 NPs may increase possibility of pulmonary tumor formation for human. Therefore, the production and application of TiO 2 NPs should be paid more attention.
| I N T R O D U C T I O N
Titanium dioxide nanoparticles (TiO 2 NPs), due to their larger surface to volume ratio, are widely used in industry for different applications, including food, clothing, electronics, cosmetics, medicine, agriculture and environmental decontamination of air, soil, and water, etc. [1] [2] [3] [4] However, the extensive use and development of TiO 2 NPs have intensified research efforts regarding toxicity.
Recently, TiO 2 NPs have been suggested to cause pulmonary toxicity of animals. For example, TiO 2 NP exposure resulted in increased levels of oxidative stress, pulmonary inflammation, and interstitial thickening of rats. 5, 6 Our previous studies also showed that TiO 2 NP exposure for 3 mo induced infiltration of inflammatory cells, pulmonary emphysema, edema, congestion, hemorrhage, thickening of the pulmonary interstitium, and apoptosis in mouse lung. [7] [8] [9] No€ el et al. suggested
that TiO 2 NP exposure at 20 mg/m 3 for 6 h induced lung inflammatory response, cytotoxic, and oxidative stress in male rats. 10 Reference 11
showed that rats were exposed to bulk TiO 2 by inhalation exposure for NIOSH recently suggested that inhaled TiO 2 NPs may be a potential occupational carcinogen, and they concluded that TiO 2 NPs are not a direct-acting carcinogen, but acts through a secondary genotoxic mechanism. 15 Heinrich et al. also found that rats exposed by inhalation to TiO 2 NPs showed increased rates of adenocarcinomas, however, mice exposed to TiO 2 NPs, according to the same methodology, did not exhibit differences in tumor rates compared to controls. 16 Due to pressing concern regarding cancerogenic effects of TiO 2 NP exposure on general and occupational populations and the limited number of in vivo studies on this topic, additional investigations are highly important.
In this study, mice were nasally exposed to 1.25, 2.5, or 5 mg/kg TiO 2 NPs administered by nasal instillation for consecutive 9 mo. The aim of this study is to investigate whether chronic exposure to TiO 2 NPs can result in tumorigenesis in the lung of mice and alterations of tumor-related parameters in the serum.
| MATERIALS A ND METHODS

| Chemicals
The preparation, characteristics of TiO 2 NPs including the anatase structure, size, surface area, mean hydrodynamic diameter, and f potential, have been described in our previously work. 17 19 Growth state, eating, drinking and activity, or mortality were observed and recorded carefully daily during the 9 mo. After the 9-mo period, all mice were weighed, anesthetized with ether, blood samples were collected from the eye vein by rapidly removing the eyeball, and serum was collected by centrifuging the blood samples at 1200g for 10 min. The lungs were quickly removed and placed on ice and then dissected.
| Lung indices and tumor count
After weighing the body and lungs, the lung indices were calculated as the ratio of lung (wet weight, mg) to body weight (g). Lungs were perfused with cold phosphate buffer saline (PBS) and harvested, and tumors were scored using a dissecting microscope.
| Bronchoalveolar lavage (BAL) analysis
After blood collection, the lungs from the control and treated groups were immediately lavaged twice with phosphate buffer saline (PBS). An average of >90% of the total instilled PBS volume was retrieved both times and the amounts did not differ among the groups. The resulting fluid was centrifuged at 400g for 10 min at 48C to separate the cells from the supernatant containing various surfactants and enzymes. The cell pellet was used for enumeration of total and differential cell counts as described by Reference 20. Macrophages, lymphocytes, neutrophils, and eosinophils recovered from the BALF were counted using dark field microscopy to assess the extent of phagocytosis. LDH, ALP, and total protein (TP) in the cell-free lavage fluid were analyzed using an automated clinical chemical analyzer (Type 7170A; Hitachi, Ltd., Tokyo, Japan).
| Titanium content analysis
The lung tissues (N 5 5 each) were thawed and approximately 0.3-g samples were weighed, digested, and analyzed for titanium content using inductively coupled plasma-mass spectrometry (ICP-MS; Thermo Elemental X7; Thermo Electron Co., Waltham, MA).
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| Histopathological examination of lung
Lung tissues from 30 mice each group were embedded in paraffin blocks, sliced to 5-lm thickness, and placed on separate glass slides (five slices from each lung). After hematoxylin-eosin staining, the sections were evaluated by a histopathologist unaware of the treatments, using an optical microscope (U-III Multi-point Sensor System; Nikon, Tokyo, Japan). 
| Assay of tumor parameters
| Statistical analysis
The results were repeated five times. Data are presented as the means 6SD. One-way analysis of variance (ANOVA) followed by Tukey's HSD post hoc test was performed to compare the differences of means among the multigroup data using SPSS 19 software (SPSS, Inc., Chicago, IL, USA). P value <0.05 was considered to indicate a statistically significant difference.
| R E S U LTS
| Body weight, lung indices, and titanium accumulation
Body weight and indices of mice are presented in Figure 1 . As shown, an increased TiO 2 NP dose led to a gradual decrease in body weight, whereas the lung indices were significantly increased (P < 0.05). Furthermore, there was significant titanium accumulation with increased TiO 2 NP dose ( Figure 2 , P < 0.05).
| Inflammatory cells and biochemical assessments in BALF
To further determine whether long-term TiO 2 NPs exposure induces lung inflammation, we analyzed inflammatory cell content and biochemical changes in BALF. As shown, the numbers of macrophages, lymphocytes, neutrophils, and eosinophils ( Figure 3 ), and LDH, ALP, and TP contents (Table 1) in the nano-TiO 2 -exposed mice showed obvious increases with increased TiO 2 NP dose (P < 0.05), indicating that TiO 2 NP exposure caused severe inflammation and biochemical dysfunction in mouse lung.
| Histopathological lung evaluation
The histological changes in the lung specimens are shown in Figure 3 .
Unexposed lung samples exhibited intact architecture and arrange were significantly elevated (P < 0.05), whereas the control did not observe tumorigenesis. NSE is a glycolytic enzyme associated with neuroendocrine tumors. It is the tumor marker of first choice for small-cell carcinoma (SCLC), 28, 33 but increased serum NSE has been reported in patients with NSCLC. [34] [35] [36] [37] It implies that elevation of serum NSE level was due to pulmonary tumorigenesis in mice following exposure to TiO 2 NPs.
| Tumor parameters
In small quantities CEA is present in cells of normal tissues in healthy adults. Therefore, CEA is not usually present in the blood of healthy adults. CEA represents a heterogeneous group of glycoprotein whose specialized sialofucosylated glycol-forms serve as functional colon carcinoma L-selectin and E-selectin ligands, which may be critical to the metastatic dissemination of colon carcinoma cells. [38] [39] [40] CEA is already demonstrated as a tumor marker in lung cancer. 23, 24, 29, 41, 42 Although CA-125 is a mucinous glycoprotein useful in the follow-up of ovarian cancer, 43 increased CA-125 level has been suggested as a useful indicator of lung cancer. 24, [44] [45] [46] Therefore, our data suggested that increased serum CEA and CA-125 concentrations may be related to pulmonary tumorigenesis in mice following nasal exposure to TiO 2 NPs.
Although SCC-ag is a tumor marker that appears to be very promising in the evaluation of cancers of the uterine cervix, 47 it may be remarkably increased in squamous tumors of lung. 48, 49 Elevated serum SCC-ag levels were also found in this study, which may be related to pulmonary tumorigenesis in mice caused by nasal exposure TiO 2 NPs. 
